We gathered from the literature 47 odor and 37 trigeminal (nasal and ocular) chemesthetic psychometric (i.e., detectability or dose-response) functions from a group of 41 chemicals. Vapors delivered were quantified by analytical methods. All functions range. While, on average, odor detectability rose form chance detection to perfect detection within two orders of magnitude in concentration, chemesthetic detectability did it within one. For 16 compounds having at least one odor and one chemesthetic function, the average gap between the two functions was 4.6 orders of magnitude in concentration. A quantitative structure-activity relationship (QSAR) using five chemical descriptors that had previously described stand-alone odor and chemesthetic threshold values, also holds promise to describe, and eventually predict, olfactory and chemesthetic detectability functions, albeit functions from additional compounds are needed to strengthen the QSAR.
Introduction
One fundamental issue in understanding the characteristics of chemosensory perception, and of sensory systems in general, involves the topic of detection threshold sensitivity. In this article we will focus on the detectability of chemical vapors by two chemosensory modalities in humans: olfaction and trigeminal chemesthesis or chemical "feel" (Bryant and Silver 2000; Cometto-Muñiz and Simons 2015; Green 2012; Lee et al. 2005; Viana 2011 ) in the nasal and ocular mucosae (Cometto-Muñiz et al. 2010; Green and Lawless 1991) . Trigeminal chemesthetic sensations are typically sharp or pungent, and include: irritation, freshness, coolness, stinging, prickling, burning, piquancy, tingling, and the like. A number of previous compilations have focused on human olfactory sensitivity as measured by odor detection thresholds (ODTs), e.g., (Amoore and Hautala 1983; Devos et al. 1990; Fazzalari 1978; Nagata 2003; van Gemert 2003) .
Nevertheless, the enormous variability in ODTs reported for any given chemical across studies, severely limits their practical applicability. Relatively fewer compilation and analyses studies are available on human nasal and ocular trigeminal chemesthetic thresholds, e.g., (Bruning et al. 2014; Ruth 1986) , and, in the specific case of nasal pungency, not many of the cited studies have attempted to control for olfactory biases.
Odor biases are very common since most, if not all, irritant vapors are also odorants and their odor thresholds emerge at much lower concentrations then their nasal trigeminal thresholds (Cometto-Muñiz 2001; Cometto-Muñiz and Cain 1998) , making difficult to use blank stimuli (e.g., air) to account for chance detection in measuring nasal trigeminal thresholds.
In any case, a stand-alone threshold value provides much less information than concentration-detection (i.e., dose-response) functions that track the chemosensory detectability of a chemical across a critical concentration bracket that spans the complete perithreshold range: from chance detection to perfect detection. To the best of our knowledge, no studies have been published that model and analyze literature data on such comprehensive detectability functions for olfaction and chemesthesis in humans. In this review we have collected a total of 47 olfactory and 37 trigeminal chemesthetic functions for a set of 41 chemicals. From a mathematical perspective, all functions have been modeled by a sigmoid (logistic) equation, and, from a chemical perspective, they have been analyzed under a quantitative structure-activity relationship (QSAR) based on a well-established solvation equation (Abraham et al. 2003; 2012) .
Materials and Methods
2.1 Subjects. Participants in odor, nasal localization, and ocular chemesthetic detection experiments were normosmics (i.e., normal sense of smell) whereas participants in nasal pungency detection experiments were anosmics (i.e., absent sense of smell). Their sense of smell function was determined by a clinical olfactory test (Cain 1989) . Table 1 describes the main characteristics of each psychometric function included in this article and its corresponding reference.
Insert Table 1 about here 2.2 Stimuli and Equipment. We include 41 stimuli (Table 1 ). All chemicals were high purity, typically >99%, as provided by the chemical suppliers. Whenever available, chemicals met Food Chemical Codex (FCC) quality. Their delivered vapor concentrations were confirmed analytically by gas chromatography (GC), high performance liquid chromatography (HPLC) or a chemical-specific instrument (e.g., ozone analyzer). In a few cases, concentrations were calculated from total mass of chemical evaporated and volume of dilution air or nitrogen. All concentrations are expressed as log ppm by volume. Presentation of stimuli (Cain et al. 1992 ) involved a dynamic system via a vapor delivery device (VDD2 and VDD) (Cometto-Muñiz et al. 2007; Schmidt and Cain 2010) , and/or a static system via squeeze bottles (SB) (Cometto-Muñiz and Cain 1993) and/or glass vessels (GV) (Cometto-Muñiz et al. 2000) (see Table 1 ). For nasal stimulation with a static system, SB and GV ended, respectively, in a single spout or two nosepieces (Cometto-Muñiz et al. 2000) . For ocular stimulation with a static system, SB and GV ended in a single eyepiece (Cometto-Muñiz et al. 2001) . When using GV, flowrate to the eye was set to 4 L/min. (When using SB, subjects were instructed to squeeze with approximately equal strength on all trials.) When using the VDD, the linear velocity of stimulus and blanks (carbon-filtered air) was ≈13 cm/sec, similar to that found in a typical indoor environment (Knudsen et al. 1997; Knudsen et al. 1998) , even when the corresponding total volume flow (40 L/min) was high enough to fully accommodate the most forcible instantaneous sniffs (Laing 1982; 1983) . This was achieved by delivering the sample from specially designed glass cones where the participant exposed nose or eyes (Schmidt and Cain 2010) .
2.3 Procedure. All chemosensory testing involved using a two-or threealternative forced-choice procedure between stimulus and blanks (Macmillan and Creelman 1991) . For static delivery, blanks comprise the headspace above mineral oil (light, FCC) carried by either nitrogen or air. For dynamic delivery, blanks comprised carbon-filtered air.
2.4 Data analysis. The outcome is summarized in terms of detection probability, i.e., detectability, as a function of stimulus vapor concentration. Detectability was corrected for chance according to (Macmillan and Creelman 1991) :
Where P = detection probability corrected for chance, m = number of choices in the forced-choice procedure (i.e., 2 or 3), and p(c) = proportion correct (i.e., number of correct trials / total number of trials).
Concentration-detection (also called psychometric or detectability) functions were modeled by a sigmoid (logistic) equation of the form:
where y = detectability (P) as defined in equation (1), x = vapor concentration of the chemical stimulus (in log ppm by volume), C and D are parameters. Note that C represents the concentration of the stimulus (i.e., x) when y = 0.5, that is, when detectability is half way (i.e., P =0.5) between chance detection (i.e., P = 0.0) and perfect detection (i.e., P = 1.0). This concentration is often taken as the chemosensory threshold. In turn, the value of parameter D governs the steepness of the detectability function, such that the lower the value of D, the steeper the function.
Results and Discussion
Figure 1 depicts the 84 olfactory and trigeminal chemesthetic (nasal and ocular) detectability functions gathered from 41 substances grouped by chemical family: nalcohols, acetate esters, ethyl and butyl esters, 2-ketones, carboxylic acids, alkylbenzenes, naphthalenes, aldehydes, and miscellaneous chemicals. The figure illustrates the excellent fit to the data provided by the sigmoid equation (2) (see also   Tables 2 and 3 ). It also reveals that olfactory functions and trigeminal nasal/ocular chemesthetic functions show no overlap, with odor detection typically in the parts per billion (ppb) range (or lower) and trigeminal detection typically in the parts per million (ppm) range (with the exceptions of glutaraldehyde and chloropicrin whose trigeminal functions end at around 1 ppm).
Insert Figure 1 about here 3.1 Olfactory detectability functions Table 2 lists the values of C (± standard error, SE), D (±SE), and two estimates of goodness of fit (chi square and R 2 ) from 41 odor functions. It also includes the average, standard deviation (SD), maximum, and minimum for the parameters C and D across all odor functions, and across all odor functions except those for stimuli "7b. Butyl acetate" (D=1.59) and "18b. Toluene" (D=1.37), whose values for D are notably higher than all others. When these two odor functions are taken out, the average value of D decreases from 0.39 to 0.34 with a concomitant reduction in its variability (SD) from 0.27 to 0.14. In contrast, the average value of C and its variability (SD) remain essentially the same with or without these two odor functions: -2.16 ±1.16 and -2.16 ±1.18, respectively.
As a probable explanation for the two very shallow functions noted, consider that all 9 or 11 concentrations steps tested in those two cases are confined to only the upper half of the detectability range (P≥0.40). Such perceptual constriction for the subjects likely resulted in the observed very shallow functions. 
Trigeminal chemesthetic detectability functions
In turn, Table 3 provides analogous data for the 37 trigeminal chemesthetic functions considered separately, i.e., nasal pungency (NP), nasal localization (NL), and ocular chemesthesis (also labeled here eye irritation, see (Acosta et al. 2001) 2012; Abraham et al. 2010 ) that two general equations can be applied to the correlation and estimation of chemosensory thresholds and biological and toxicological activities, equation (3) and equation (4).
In these equations, SP is the dependent variable, in the present case C or D. The independent variables, or descriptors, are properties of the compounds as follows 2012) : E is the compound excess molar refraction in cm 3 mol -1 /10, S is the solute dipolarity/polarizability, A is the overall compound hydrogen bond acidity, In Table 2 (4) are almost exactly the same, and the statistics using equation (4) are as follows: N is the number of data points, SD is the regression standard deviation, R is the correlation coefficient and F is the F-statistic. In order to assess the predictive capability of a given equation, the relevant data set should be divided into a training set and a test set -an equation is then obtained for the training set and used to predict values for the test set. These predicted values will normally be larger than the equation SD, but should not be very much larger.
There are not enough points in any of our data sets to carry out a training/test set analysis, and so we used a procedure in which a predictive standard deviation, PSD, is obtained from the 'leave-one-out' statistics of an equation (Abraham et al. 2009) In the case of equation (5) there were two large outliers, butyl acetate (7c) and ethyl butanoate (11a) that were omitted, and for equation (6) ethyl butanoate (11a), toluene (18b) and butyl acetate (7b) were left out. The statistics of equation (5) are not very good, but those of equation (6) are quite reasonable. It is possible that, despite our strategy to introduce indicator variables to account for the use of different techniques in obtaining the functions, parameter C for odor is more susceptible to techniquedependent variations.
We give in Table 3 values of C and D for psychometric functions for nasal pungency (NP), nasal localization (i.e., lateralization) (NL), eye irritation (EI), and for the three previous endpoints taken all together as trigeminal chemesthesis (Trigem). There are not enough values for any one of the first three data sets to carry out a MLRA, and so we used again the stratagem of assigning indicator variables. We took eye irritation as the standard and defined Iloc = 1 for nasal localization data and Iloc = 0 for all others, and Inp = 1 for nasal pungency data and Inp = 0 for all others. In addition we took the delivery technique GV as a standard and used Ivd = 1 for the VDD delivery technique and Ivd = 0 for all others, and Isb = 1 for the SB delivery technique and Isb = 0 for all others. Of course, not all the independent variables, including the indicator variables, will be statistically significant. We found, as before, that the MLRA equations using the variables L and V are almost the same. Equations using L are as follows.
C ( There were no outliers at all to equation (7) and equation (8). The statistics of equation (7) are excellent, with R 2 = 0.933, but R 2 for equation (8) shown, reveal no more than random scatter about the line of identity. Thus equation (7) and equation (8) could be used to estimate values of C and D and hence the entire psychometric function for further compounds that have not been experimentally examined for nasal pungency, nasal localization or ocular chemesthesis sensitivity.
We have summarized here by using a common, uniform methodology, human dose-response functions gathered from the literature depicting the olfactory and chemesthetic trigeminal detectability at the integrated (psychophysical) level of more than three dozen compounds. As previously discussed (Cometto-Muñiz and Abraham 2008; Cometto-Muñiz and Abraham 2010a), comparing such functions with those obtained, for the same compounds, at other levels (e.g., molecular, receptor, cellular) e.g., (Saito et al. 2009 ) and stages (e.g., peripheral, central) of the two chemosensory pathways will play a key role to fully understand the underlying sensory processes determining the sensitivity range and characteristics of both human chemosenses. To facilitate these comparisons we present in Supplementary Tables 1 and 2, -Odor functions are in the ppb (and lower) range whereas trigeminal chemesthetic functions are typically in the ppm range (with the exception of glutaraldehyde and chloropicrin, as noted).
-Odor functions cover the range between almost chance (P=0.05) and almost perfect (P=0.95) detection within an average (±SD) span of 2.01 (±0.83) orders of magnitude, whereas trigeminal chemesthetic functions do it within an average (±SD) span of 1.07 (±0.44) orders of magnitude.
-Across 16 compounds having each at least one olfactory and one trigeminal chemesthetic function, chemesthetic functions emerge on average (±SD) at concentrations 4.6 (±1.2) orders of magnitude higher than odor functions.
-A quantitative structure-activity relationship (QSAR) log ppm by volume in the gas phase, log Molar in the gas phase, and log Molar in a liquid physiological saline solution at 37°C. The equivalence between Molar in gas phase and Molar in liquid saline phase at 37°C was established via the partition coefficient (logK) between the gas and liquid phases, as described earlier . We note that logKwater and logKsaline at 37°C are essentially the same. Chemicals are listed in increasing value of ODTs expressed as log ppm by volume in the gas phase. Supplementary Table 2 . For each of the 37 chemesthetic functions, we list the chemical stimulus tested and its trigeminal chemesthetic threshold (Trigem.) expressed as the following equivalent concentrations: log ppm by volume in the gas phase, log Molar in the gas phase, and log Molar in a liquid physiological saline solution at 37°C. The equivalence between Molar in gas phase and Molar in liquid saline phase at 37°C was established via the partition coefficient (logK) between the gas and liquid phases, as described earlier . We note that logKwater and logKsaline at 37°C are essentially the same. Trigeminal thresholds include nasal pungency (NP), nasal localization or lateralization (NL), and eye irritation (EI). For each of these three threshold endpoints, chemicals are listed in increasing value of Trigem. expressed as log ppm by volume in the gas phase. 
